Introduction
Kinases are an ubiquitous group of enzymes participating in a variety of cellular pathways. The common name "kinase" is applied to enzymes that catalyse the transfer of the terminal phosphate group from a phosphate donor (usually ATP) to an acceptor, which can be a small molecule, lipid, or protein substrate.
Nucleosides are metabolic intermediates essential for growth and division in all living cells. Among the enzymes, involved in their synthesis, are well recognized fi ve nucleoside monophosphate (NMP) kinases specifi c for AMP/dAMP (adenylate kinase, EC 2.7.4.3), GMP/dGMP (guanylate kinase, GMP kinase, EC 2.7.4.8), CMP/dCMP (cytidylate kinase, CMP kinase, EC 2.7.4.14), UMP (uridylate kinase, UMP kinase, EC 2.7.4.4) and dTMP (thymidylate kinase, dTMP kinase, EC 2.7.4.9) (33) . NMP kinases act specifi cally on the various NMPs formed in the de novo or salvage pathways of purine or pyrimidine nucleotides. Each enzyme catalyses the synthesis of a nucleoside diphosphate that is further phosphorilated (and eventually reduced) by a non-specifi c nucleoside diphosphate kinese to produce nucleoside triphosphates, precursors of the major biological molecules RNA, DNA, and phospholipids.
In the biosynthesis de novo of pyrimidine nucleotides, the phosphoryl transfer from ATP to UMP, yields UDP: UMP + Mg 2+
•ATP ↔ UDP + Mg
2+
•ADP, initiates the way for synthesis of all other pyrimidine nucleotides (20, 18) . Phosphorylation of UMP and CMP to the corresponding nucleoside diphosphates occurs in different way in eukaryotes and prokaryotes. In eukaryotes this reaction is carried out by a bifunctional UMP/CMP kinase. This enzyme is single monomeric protein, member of the NMP kinase family and resembles adenylate kinases in both amino acid sequence and 3-D structure (19, 24) . All NMP kinases are globular proteins with a 'core domain' consisting of a fi ve-stranded parallel β-sheet surrounded by eight helices. The protein is composed of two subdomains, each containing a nucleotide binding site. The site for the nucleotide donor of phosphate (in general ATP) presents a typical 'P-loop', whereas the 'lid domain' closes down over the active site during the catalytic cycle. The alternation from 'open' to 'close' conformation is dependent on several structural changes, occurring upon ligand binding (30) .
Bacteria possess two distinct enzymes, specifi c for CMP and UMP. Escherichia coli and Salmonella typhimurium mutants, defective for the corresponding genes (mss/cmk, and pyrH/ smbA respectively), are isolated and characterized many years ago (2, 12, 21) . Recombinant E. coli CMP and UMP kinases are characterized in details just recently (3, 5, 7, 8, 15, 26, 27) . The CMP kinase from E. coli is a monomer, member of the NMP kinase/adenylate kinase family, acting preferentially on CMP and dCMP (7) . CMP kinase shows a very weak activity in E. coli and B. subtilis when UMP is used as a substrate, with a catalytic effi ciency 1000 and 3000 fold lower than if CMP is a substrate (25) . PyrH is not essential for B. subtilis (13) , whereas cmp is crucial for the cell growth (29) , proposed to complement the null-pyrH mutation via the CMP kinase UMPconverting activity (25) . In case of E. coli, overexpression of CMP kinase can suppress some pyrH mutations (32) .
Bacterial UMP kinases are unique members of the ubiquitous NMP kinase family. The presented review throws light into UMP kinases studied to date on different bacterial models. unrelated goals (28, 31) . Two years later it has been recognized that pyrH gene is identical to the smbA gene (suppressor of mucB), originally accepted as being involved in the proper chromosomal positioning during the cell division (32) . The smbA gene is essential for the cell growth since point mutations might induce a pleotropic phenotype in E. coli characterised by cold-sensitivity growth, hypersensitivity to SDS, and altered morphology under non-permissive conditions. Cells with missing SmbA protein cease the macromolecular synthesis.
Genes, encoding for UMP kinases, do not have any closely related equivalents in eukaryotes, and are proven as essential for growth in Gram-negative (E. coli and H. infl uenzae) (1, 28, 31,) and Gram-positive bacteria (S. pneumoniae) (9) .
Purifi cation
Most of the characterised UMP kinases are recombinant proteins, obtained by cloning of the pyrH gene into pET expression vectors, introduction of the constructs into E. coli BL21 (DE3), and protein expression through IPTG triggering.
Bacterial UMP kinases are relatively thermostable enzymes and a brief exposure of the supernatant obtained after bacterial sonication to high temperature (60°C) is proven to be benefi cial, as it does not only help in inactivating any protease but also in removing heat-labile proteins (10, 11) . UTP addition to the buffer demonstrates a stabilising role on the UMP kinases. Being fi rstly investigated, UMP kinase from E. coli has exhibited low solubility at neutral pH (26) and the opposite characteristic in 100 mM borate buffer (pH 8.5). This enzyme re-precipitates by dialysis against 50 mM Tris-HCl buffer. Pure UMP kinase is obtained after several washing/ centrifugation cycles in Tris-HCl buffer, followed by one or two chromatographic steps. Gel-permeation chromatography with Sephacryl S-300 HR, and ion exchange chromatography with DEAE Sephacel, DEAE Sepharose CL-6 or other exchangers are widely used in the purifi cation procedure (9, 10) .
Pure UMP kinase from P. furiosus is obtained by heating the supernatant to 90°C, followed by chromatographic step with Q-Sepharose Fast Flow column (16) .
The different His-tagged forms of UMP kinases, overexpressed in E. coli, are easily purifi ed by Nickelnitriloacetic acid affi nity chromatography using QIA express system with or without a gel-permeation chromatography step included (6, 10) .
Activity determination
In general UMP kinases activity is determined spectrophotometrically (the decrease in absorbance at 334 nm) by coupling the formation of UDP to the reaction catalyzed by pyruvate kinase (PK) and lactate dehydrogenase (LDH) in the presence of phosphoenolpyruvate (PEP) and NADH as indicator. Each mole of transferred phosphoryl group generates two moles of NDP and consequently, two moles of NADH are oxidized to NAD 
Molecular mass and subunit structure
Bacterial UMP kinases are oligomeric enzymes consisting of six identical subunits. The molecular mass of different bacterial UMP kinases is in the range of 24 -30 kDa (considering the monomer). Gel permeation chromatography of the studied UMP kinases in the presence of suitable molecular mass markers indicates that the molecular mass of the active enzyme equals to six protein monomers (six subunits per oligomer) (9, 10, 27) . Ultracentrifugation analysis by sedimentation equilibrium suggests that the dominant species is the hexameric enzyme, although monomers, dimers, and high molecular mass oligomers are identifi ed (10, 27) .
Effect of pH and nucleotides on the UMP kinases solubility
Analysis of the pH effect shows that the solubility of UMP kinase from E. coli is minimal between pH 5.5 and 7.5. At neutral pH the concentration of the soluble form is about 0.1 mg/ml. Enzyme solubility increases markedly above pH 8 and below pH 4. Stable at pH between 4 and 10, the enzyme is irreversibly inactivated at rate lower than pH 4 (27) . The solubilization of E. coli UMP kinase by UTP requires 1 mol of the nucleotide per subunit. Only Mg 2+ -free UTP increases the enzyme solubility, while the metal-complexed nucleotide does not display effect on the solubility (27) . Both UDP and dUTP have an effect similar to that of UTP on solubility properties of the enzyme.
Thermal stability
All studied UMP kinases are very resistant to denaturing agents and thermal denaturation. E. coli UMP kinase is stable to thermal denaturation compared to the B. subtilis enzyme. The midpoint denaturation temperature (T m ) for different UMP kinases in absence or presence of UTP is presented at Table 1 . UTP increases the thermal stability of all studied UMP kinases, with a remarkable half-maximal inactivation shift. The nucleosides ATP and GTP have only a relatively small effect on the stability of the E. coli enzyme, whereas UMP and UTP produce a substantial increase in the T m (27) . ATP and GTP do not affect the thermal denaturation of B. subtilis UMP kinase (10) . T m is highly infl uenced by GTP, UTP and UMP, and insignifi cantly changed by ATP on S. pneumoniae UMP kinase (9) . (10) 62 82 (1 mM) B. subtilis (25) 42 70 (1 mM) S. pneumonia (24) 50 67 (3 mM)
Stability to denaturants UMP kinases are resistant to low concentrations of denaturants, in particular to guanidinium hydrochloride (GdmCl). UMP kinase from E. coli is stable in GdmCl at up to approximately 1 M (27). At 1.8 M concentration of GdmCl the enzyme is 50% inactivated.
Kinetic properties
Similarly to other enzymes involved in the pyrimidine nucleotide synthesis, bacterial UMP kinases are subjected to a complex control of their activity by nucleotides, in particular GTP (activator) and UTP (inhibitor). ATP is the best phosphate donor for the enzymes. UTP and GTP are poor bacterial UMP kinases substrates. The saturation curves for the substrates ATP and UMP display different shapes. Considering the E. coli UMP kinase, the reaction rates at variable concentrations of ATP reveal a Michaelis-Menten kinetics, both in the presence or absence of GTP (26) . The same dependence is observed for S. typhimurium UMP kinase (23) . S. pneumoniae UMP kinase displays sigmoidal saturation curve for the substrate ATP. Increasing GTP concentrations lead to progressive sigmoidal disappearance, whereas the presence of UTP does not infl uence the curve shape (9) .
The kinetics of E. coli UMP kinase, where UMP is a variable substrate, exhibits biphasic dependence (26) . The UMP saturation curve is hyperbolic for UMP kinase from S. pneumoniae (9) .
GTP is the positive effector for all characterized bacterial UMP kinases. The activation effect of GTP does not depend on the concentration of Mg 2+ ions. The specifi city of the bacterial UMP kinases for guanine nucleotide or related compounds is also reported. Guanosine 5'-(β, γ−imido) triphosphate (GMP-PNP), a nonhydrolisable GTP analog, affects the E. coli UMP kinase activity similarly to the natural nucleotide. dGTP, GMP, cGMP and guanosine stimulate this enzyme, although with lower affi nities or extended activation (26) . An important characteristic of B. subtilis UMP kinase is its strong GTP requirement for the full catalytic activity (10). 3'-AntraniloildGTP, a fl uorescent analogue of dGTP, obtained by dGTP esterifi cation of the 3'-OH residue with an anthraniloyl group (10) , is a strong activator of B. subtilis UMP kinases.
Kinetic data from S. pneumonie UMP kinase suggest that despite the similarities between ATP and GTP in their chemical structure and co-operative kinetics, these molecules do not bind to the same site, since at high concentration GTP does not exert an inhibitory effect. Conclusion of Fassy et al. (9) is that the activation by GTP is due to a binding at a site distinct from the ATP site.
UTP appears to be a common negative effector for all investigated bacterial UMP kinases. The inhibition of the UMP kinase activity by UTP is reversed in presence of GTP or high concentration of MgCl 2 (26) . The experimental data suggest that the true inhibitor of this bacterial enzyme is the metalfree UMP. Since UMP kinase from S. pneumoniae could not be fully inhibited by UTP, Fassy et al. (9) have concluded that UTP does not bind to the active site of the enzyme, a statement which is in contradiction with the lately published structure of UMP kinase in complex with UTP.
Sequence analysis PSI-BLAST database screening versus UMP kinase from E. coli (14) and B. subtilis (10) as query sequences, shows their sequence homology to other bacterial UMP kinases. In total, 33 strictly conserved amino acid residues amongst UMP kinases from Gram-positive and Gram-negative bacteria are found. Gly, Asp and Arg are the most frequently presented residues. Sequence similarities are detected between bacterial UMP kinases and glutamat-5-kinase, aspartokinases, Nacetylglutamate kinases (15% identity), and carbamate kinases (18% identity) (10) . Any similarity to eukaryotic UMP kinases is not identifi ed. The predicted structural models of UMP kinase from E. coli (14) and B. subtilis (10) are based on the carbamate kinase and N-acetylglutamate kinases folds conservation (22) .
Immunochemical properties
Immunochemical studies of UMP kinases from E. coli and B. subtilis indicate that the carboxy-terminal quarter of the enzyme is immunodominant, in accordance with the higher hydrophilicity of this segment of the protein. Polyclonal antibodies inhibit the E. coli UMP kinase activity with partial or total loss of allosteric effects exerted by UTP and GTP (15) . These results suggest that the GTP and UTP binding sites in the protein are only partially overlapping.
The E. coli UMP kinase appears as a single spot on twodimensional electrophoresis at a pI of 7.24 and apparent molecular mass of 26 kDa (15), whereas the B. subtilis UMP kinase migrates with a pH of 5.96 and apparent molecular mass of 24.6 kDa (11). Immunogold labeliling of UMP kinase in whole E. coli (15) and B. subtilis (11) cells shows a localization of the protein close to the bacterial membranes, which could be explained with its role in the synthesis of membrane sugars and putative role in the cell division.
Crystal structure
The crystal structures of E. coli (6) and P. furiosus (17) UMP kinases are solved recently, confi rming the overall fold of the monomer. The bacterial and archaeal enzymes are highly similar hexamers, binding UMP to the same position and in the same manner. The structure of E. coli UMP kinases is deciphered after binding to the UMP substrate (2.3 Å resolution), the UDP product (2.6 Å), or UTP (2.45 Å). The crystals are obtained in the rhomboedric system, space group R3. The crystal structure of P. furiosus UMP kinases is unravelled at 2.45 Å resolution of the enzyme itself, and at 3 Å and 2.55 Å resolution, respectively, paired with AMPPNP or AMPPNP in the presence of UMP.
Conclusions
The biosynthesis de novo of pyrimidine nucleotides comprises key metabolitic pathways, conserved in almost all prokaryotic and eukaryotic organisms. UMP kinases are unique prokaryotic family of proteins, involved in the bacterial multistep synthesis of nucleoside triphosphates. They appear to be essential for the cell growth and division, as well as key pyrimidine triggered gene repressor of the carAB operone in E. coli. Not having a counterpart in the eukaryotic organisms, the bacterial UMP kinases are an attractive new target for developing potential antibacterial drugs. So far, the investigated enzymes demonstrate some common properties, such as lack of sequence homology with other NMP kinases, homohexameric structure, specifi city for UMP as a substrate, allosteric regulation by GTP (activator) and UTP (inhibitor), and unusual intracellular localization in the proximity of the cell membranes. Due to their unique properties, signifi cant endeavors have been made towards determination of the crystal structures of several bacterial UMP kinases. Solved just recently, the crystal structures of E. coli and P. furiosus UMP kinases open new questions about the discrepancy between these crystal structure data and the kinetic and fl uorescence studies results.
